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Abstract The theoretical fundamentals of formation of the supernova rem-
nant (SNR) continuum radio spectra are presented in this review. Mainly based
on the Fermi 1 theory - also known as diffuse shock acceleration (DSA) - the
different shapes (linear or curved in log-log scale) of SNR radio spectra are
predicted for both young and evolved SNRs. On the other hand, some particu-
lar forms of spectra of older SNRs can be predicted by including the additional
processes such as Fermi 2 acceleration mechanism or thermal bremsstrahlung
radiation. Also, all of these theoretically predicted forms of radio spectra are
compared with real spectra obtained from observations. Finally this review
can represent some kind of ”atlas” with initial patterns for the different kinds
of SNR radio spectra – it should be helpful for radio astronomers in their
interpretation of the observed radio spectra.
Keywords radio spectra · acceleration mechanisms · radiation mechanisms ·
supernova remnants
1 Introduction
The synchrotron (magneto-bremsstrahlung) mechanism represents the main
production mechanism of radio waves in astrophysical sources. It is radiation
produced by ultra-relativistic electrons gyrating in a magnetic field. The two
fundamental ingredients of the synchrotron process - magnetic field and high-
energy electrons - should provide a reservoir of energy which can be trans-
formed to synchrotron radiation. The synchrotron electrons have helicoidal
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paths around the field lines and their radiation is highly beamed in the direc-
tion of velocity vectors. The magnetic field is always embedded in the inter-
stellar medium (ISM), but electrons should be previously accelerated to the
ultra-relativistic velocities to be capable of radiating by the synchrotron pro-
cess. Due to this, we have to know very thoroughly on which way electrons
can be accelerated to ultra-relativistic energies. The most efficient process of
particle acceleration is the so-called diffuse shock acceleration (DSA)(e.g. Bell
1978a, Blandford and Ostriker 1978). Also known as the Fermi 1 accelera-
tion mechanism, electrons gain energy as the result of multiple crossing of
a charged particle through a shock wave. If an astrophysical object contains
some form of shock, we can expect acceleration of charged particles from the
medium around the shock. Although heavier particles (such as protons and
ions) can be accelerated very efficiently to ∼ 1015 eV, electrons can also be
accelerated to the ultra-relativistic energies (∼ 1012 eV) by DSA mechanism
– this lower maximal energy of electrons originates from the very rapidly en-
ergy loses induced by the synchrotron radiation. If a shock wave propagates
through ISM, the electrons from ISM should be accelerated and be captured by
the ISM magnetic field, thus generating synchrotron radiation. The supernova
remnants (SNRs) (which can be seen in our Galaxy and in nearby galaxies),
active galactic nuclei (AGNs) with associated jets and lobes, pulsars and pulsar
wind nebulae are strong synchrotron emitters. All of these objects have their
own characteristic forms of synchrotron radio spectra. The shapes of these
spectra essentially depend on particle acceleration processes. In this review,
the different forms of SNR spectra (linear or curved in log-log scale, hereafter
linear or curved, respectively) for young and evolved SNRs are predicted and
compared with spectra obtained from radio observations. In Section 2 the DSA
mechanism and a way of formation of synchrotron radio spectra (as a direct
consequence of the acceleration mechanisms) are briefly presented. The theo-
retically predicted radio spectra of young and evolved SNRs are reviewed in
Sections 3 and 4, respectively. In Section 5, the previously theoretically pre-
dicted shapes of radio spectra are compared with the observationally obtained
radio spectra. The summary of this review is given in Section 6.
2 DSA mechanism and synchrotron radiation
2.1 The brief review of the DSA fundamentals
Fermi proposed in his crucial paper (Fermi 1949) the way of acceleration of
charged particles to the energy of cosmic rays (CRs) and derived that the
energy gain in one collision between a particle and the magnetic perturbation
to be ∝ (u/v)2, where u is the velocity of magnetic perturbation, and v is
the velocity of high-energy particle. In the interstellar case, the mechanism
proposed by Fermi is not very efficient but the fact that particles can gain
energy in collisions with the irregularities of the magnetic field is at the basis
of all acceleration theories. Later, when the Fermi model was established as
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the ideal starting point, this original mechanism of particle acceleration was
called the second order Fermi acceleration mechanism (also known as Fermi
2 acceleration). On the other hand, DSA is the first order Fermi acceleration
mechanism (also known as Fermi 1 acceleration) where during the collision
between a charged particle and the magnetic perturbation (in the case of DSA
the magnetic perturbation is represented by a magnetized collisionless shock
discontinuity)1, the gain of particle energy is ∝ u/v (e.g. Bell 1978a). In the
original version of the Fermi acceleration (Fermi 1949) + and − signs in front
of linear part (u/v) correspond, respectively, to the approaching or receding
motion of the magnetic mirror, and hence to a gain or a loss of energy. Due
to this, the linear dependence disappears from corresponding equations. Since
the direct collisions (approaching) are statistically more numerous than the in-
verse ones (receding), due to the relative velocities, there is a net energy gain
for the particle, whose energy increases continuously due to the accumulated
collisions, and this gain is represented by survived second order dependence
(u/v)2. On the other hand, the net energy gain in an acceleration process
would be substantially higher if there were only direct (head-on) collisions.
It provides that increase is ∆E/E ∝ u/v, that is, first order in u/v and,
appropriately, this is referred to as first-order Fermi acceleration (e.g. Lon-
gair 2000, Lequeux 2005). Due to this dependence, when only one collision is
considered, DSA is more efficient process than Fermi 2 mechanisms. Further,
DSA theory is based on multiple transition of one charged particle through
the shock discontinuity from upstream to downstream region and vice-versa.
In every passage (head-on) across the shock, independent from which side of
shock the passage occurs, the test particle gains energy. This process provides
high efficiency of particle acceleration2. The basic assumption in this theory
(the so-called test particle theory) is that the particle before the actual start of
DSA mechanism has very high velocity v ≫ u. Of course, DSA model is gen-
eralized to include lower starting velocities of test particles (e.g. Bell 1978b).
The very important result of DSA theory is the prediction of the distribution
function for high-energy particles (or energy spectrum). This theory predicted
a power-law energy spectrum of accelerated particles in the formN(E) ∝ E−γ ,
where N(E) is the number of particles per unit volume at energy E and γ is
the energy index. Furthermore this theory predicted a value of γ = 2 (Bell
1978a, Blandford and Ostriker 1978) for acceleration of particles at the strong
shock waves with the compression ratio r = u1/u2 = 4, where u1 and u2 are
1 The magnetic perturbations (from which a high-energy charge particle can be reflected),
are connected with turbulent fluid motion in the downstream region. Fast particles are
prevented from streaming away upstream of a shock front by the scattering of Alfve´n waves
which they themselves generate and essentially represent magnetic perturbations in the
upstream region.
2 The relation between the characteristic acceleration times to energy E for DSA and
Fermi 2 mechanisms is given by tacc(DSA) ∝ M
−2
A2
tacc(Fermi 2) (Reynolds 2008), where
MA2 = u2/vA is the Alfve´n Mach number of the downstream flow; u2 is the downstream
fluid velocity and vA is the Alfve´n speed, defined by vA = B/(µ0̺)
1/2, where B is the
magnetic field strength, µ0 is the magnetic permeability of the vacuum and ̺ is the mass
density.
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the upstream and downstream fluid velocities with reference to shock front,
respectively. Here, only the fundamentals of linear DSA are presented. In the
next sections, the upgraded versions of DSA theory will be presented, where
necessary, for the explanation of different forms of radio spectra.
2.2 The brief review of the Synchrotron radiation fundamentals
Electrons are charged particles which can be accelerated to ultra-relativistic
energies by DSA mechanism. Also, their energy spectrum at high energies is
a power-law with the same value of the energy index γ = 2, as it is derived
for protons and heavier ions (Bell 1978b). Due to this, DSA mechanism can
provide an energy contingent which can be devoted, together with energy con-
tained in the magnetic field, to the synchrotron emission. The synchrotron
emission of one electron is continuum emission with its maximum near the
so-called critical frequency (Ginzburg and Syrovatskii 1965). The frequency
of maximal emission for an electron with energy E in the magnetic field of
strength B, with a component B⊥ orthogonal to the velocity vector, is de-
fined by the expression: ν/MHz = 16.0(E/GeV)2(B⊥/µG) (Cummings 1973).
By using this formula we can calculate the kinetic energies of electrons which
radiate by the synchrotron mechanism, and their maxima of emitting energy
correspond to the limiting frequencies of the radio domain (10MHz - 100GHz).
The corresponding energies of electrons are 800MeV (at 10 MHz) and 80GeV
(at 100 GHz), for B⊥ = 1µG - the characteristic value of ISM magnetic field.
These energies are obviously ultra-relativistic. For example, if we consider
the SNR emission, the electrons which mainly produce radiation by the syn-
chrotron mechanism at 1 GHz have energy ∼ 800MeV3. It is clear that the
synchrotron radiation at one frequency arises mainly from electrons which have
approximately same kinetic energy. On the other hand, the energy spectrum of
relativistic electrons which is in the form of power-law has to be transformed
in the power-law radio spectrum. The energy index from the energy spectrum
can be transformed in the so-called spectral index of the radio spectrum (α),
by the simple linear equation γ = 2α + 1. Finally, a radio spectrum may be
characterized by the power-law form Sν ∝ ν
−α, where Sν is the radio flux
density at frequency ν. Obviously, the value for spectral index derived directly
from DSA theory is α = 0.5. As measured by observations, the large majority
of radio spectra of SNRs (approximately 20% of all observed Galactic SNRs)
have α=0.5!4 (e.g. see available catalogues of Galactic SNR by Guseinov et al.
(2003, 2004a,b) and Green (2009)). It is excellent confirmation that predictions
of the DSA theory are correct. The theoretical fundamentals of formation of
the curved SNR radio spectra and linear spectra for which α 6= 0.5 will be
presented in the next sections.
3 The value for the magnetic field used here is 100µG. It is standard value for the com-
pressed and amplified ISM magnetic field by the strong shock wave of an SNR (Arbutina et
al. 2012, 2013).
4 SNR spectral indices are mainly between 0.2 and 0.8.
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3 Radio spectra of young SNRs
3.1 The power-law (linear in log-log scale) radio spectra of young SNRs
In this review, the young SNRs are objects where the particle acceleration is
very efficient. It mainly corresponds to free-expansion and especially early Se-
dov phases of SNR evolution (Woltjer 1972, Berezhko and Vo¨lk 2004, Pavlovic´
et al. 2013). Observations show that young SNRs have steep radio spectral
indices, around 0.7 (see Green 2009). It is significantly steeper than the ex-
pected α = 0.5, derived from test particle DSA. The theory proposed by Bell’s
(1978a,b) predicted steep spectral indices for older SNRs, when the shock
wave loses significant part of its energy and particle acceleration is less effi-
cient. Contrary to this prediction we obtain from observations the steep indices
for young SNRs, for which the particle acceleration should be highly efficient
because of the very fast shock waves (between a few thousand and a few tens of
thousand km/s), and for which harder spectra should be expected (shallower
spectral indices around 0.5). The explanation of this controversy was given
in paper of Bell et al. (2011). In the original Bell’s theory from 1978, it was
assumed that the magnetic field direction is parallel to the shock normal. This
assumption provides efficient diffusion from upstream to downstream region
and efficient DSA. Due to this, the resulting spectra of high-energy particles
should be harder. Bell et al. (2011) showed that young SNRs with the quasi-
perpendicular orientation of the magnetic field should have steeper spectral
indices. The magnetic field might be mainly quasi-perpendicular in the event of
strong magnetic field amplification5 in the precursor driven by the cosmic ray
(CR) streaming (Bell 2004, 2005). Field amplification is induced by jCR ×B,
where jCR is electric current carried by CR streaming and B is the local (small
scale) magnetic field. The background plasma is in motion perpendicular to
CR current and therefore predominantly perpendicular to the shock normal
since jCR is directed away from the shock. Moving of the background plasma
produces current in opposite direction to CR current. This is necessary process
to provide electrical quasi-neutrality in the system. Finally, the upstream fluid
motion stretches the magnetic field orthogonal to the shock normal, producing
a quasi-perpendicular orientation of the magnetic field. Briefly, the field ampli-
fication leads predominantly to a quasi-perpendicular magnetic field geometry,
and this geometry causes the steepening of the spectral index (Fig. 1). This is
not contradicted by polarimetric observations which suggest a predominantly
radial large scale magnetic fields which are located mainly in downstream re-
gions of SNR shocks.
Bell et al. (2011) gave for the first time an explanation based on the DSA
theory for the observed steep spectral indices in young SNRs. This model is
comprehensive and free of incorrect assumptions. The steeper spectral indices
are not obtained only for the low CR scattering rates, as clearly shown in Fig.
5 The magnetic field amplification is driven by the non-linear effects, when pressure of
CRs, in addition to the gas pressure, represents a significant part of the total pressure (Bell
2004). A detailed description of the non-linear DSA will be presented later in this review.
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Fig. 1 Spectral indices at shock velocity v/5 and four CR scattering rates (ν/ωg = 0.03,
0.1, 0.3 and 1.0) - Figure 1, panel (a), in Bell et al. (2011). θ is the shock obliquity. At a
perpendicular shock cos θ = 0. At a parallel shock cos θ = 1. The dotted line next to the
curve for ν/ωg= 0.03 is a calculation with finer spatial resolution. For more details see Bell
et al. (2011).
1. Alternatively, the geometry might be preferentially quasi-perpendicular if
an SNR expands into an ISM or circumstellar medium (CSM) in which a
pre-existing magnetic field is nearly parallel to the shock front.
Jiang et al. (2013) have recently presented a new explanation for the steeper
spectra of young SNRs. They emphasized that Alfve´nic drift effect can make
softer spectra (steeper spectral indices). This effect represents a moving of
guiding centers of the gyrating charged particles induced by Alfven waves. The
Alfve´nic drift effect depends on the magnetic field because the Alfve´n Mach
number is inversely proportional to the magnetic field MA = u1/vA ∝ 1/B.
In the amplified magnetic fields by the non-linear modified shocks, the Alfve´n
speed vA ∝ B̺
−1/2 has to be higher and thus the Alfve´nic drift effect is
stronger. Therefore, the Alfve´n Mach number has to be lower. This leads to
the reduced shock compression ratio, and therefore the power-law spectrum of
young SNRs should be steeper.
The explanation for spectral steepening of young SNRs given by Jiang et
al. (2013) is simple and therefore very attractive. On the other hand, this
model assumes the test particle case in the non-linear DSA approach. These
two concepts are essentially in contradiction. For this reason, the explanation
proposed by Jiang et al. (2013) should be considered with caution.
3.2 The curved radio spectra of young SNRs
The curved, concave-up radio spectra of young SNRs should be the result of
non-linear DSA effects (e.g. Reynolds and Ellison 1992, Allen et al. 2008). The
On the radio spectra of supernova remnants 7
pressure of CR particles produced at the shock wave is included in fluid dynam-
ics equations (see Drury 1983). The shock structure must be self-consistently
calculated by including the CR pressure and cannot just be assumed. The
modification of shock structure implies changes in the spectrum of accelerated
electrons so that this is a highly non-linear problem. Basically, the upstream
plasma is decelerated by the CR pressure and heated by plasma at the CR pre-
cursor region. Due to this, the effective Mach number becomes smaller at the
jump of the subshock6, and the compression ratio at the subshock becomes less
than four (r < 4). The total compression ratio of the entire modified shock
(from far upstream to the downstream) becomes higher than four (r > 4).
This higher compression ratio appears due to the existence of high-energy
(CR) particles in the transition region, with adiabatic index of γad = 4/3,
(r = (γad + 1)/(γad − 1)). Also, the higher compression ratio originates from
loss of the shock energy by CR escaping from the transition region. It is sim-
ilar situation as for the radiative shocks where photons carry off energy from
the system. Due to this, very high compression ratios are possible, as is the
case with radiative shocks (Eichler 1984). The change of the compression ratio
through a modified shock should induce a change in the energy spectrum of
accelerated electrons from that predicted by standard DSA. The energy spec-
trum of low energy electrons becomes softer (the radio spectrum is steeper)
than that of linear DSA, because low energy electrons, with smaller Larmor
radii, can penetrate only through the subshock (r < 4). The spectrum of high
energy electrons becomes harder (the radio spectrum is shallower) than that
of linear DSA, because high energy electrons, with bigger Larmor radius, can
pass through the entire modified shock (subshock plus CR precursor, r > 4).
Due to significant CR production, we can expect the concave-up radio spectra
observed in the cases of young SNRs (Drury and Vo¨lk 1981, Longair 2000).
This theory which represents the basis for obtaining the concave-up radio
spectra of young SNRs is well established, given in logically complete form, at
the same time very comprehensive and quite useful. The modified shocks are
closer to the particularly strong shocks which can be detected in the ISM. The
modified shocks have finite thickness, contrary to idealized shock discontinu-
ities which are infinitely thin. Until the introduction of the modified shocks,
this idealization of an infinitely thin discontinuity has been used in all previous
theoretical approaches given in this review.
4 Radio spectra of evolved SNRs
4.1 The linear radio spectra of evolved SNRs
In the cases of evolved SNRs, the particle acceleration mechanisms are not
efficient. Moreover, their influences on the SNR dynamics gradually decline
6 The idealized vertical profile of the shock discontinuity is degenerated into the weak
subshock discontinuity plus the wide transition region, which together represent a modified
shock.
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and become insignificant relatively fast. We can generally say they are in the
later phases of the Sedov phase, and in the radiative phases of SNR evolution
(Woltjer 1972, McKee and Ostrkier 1977, Berezhko and Vo¨lk 2004). The linear
DSA predicts spectral indices around 0.5 and they should be steeper with SNR
evolution (Bell 1978a,b). The greatest number of evolved SNRs have spectral
indices in the interval 0.5 ≤ α ≤ 0.6. It is in agreement with the DSA pre-
diction: the particle acceleration efficiency should decline for an older SNR
where its associated shock is weaker, due to this the corresponding compres-
sion ratio is lower, and finally, its radio spectrum has to be steeper. On the
other hand, a number of evolved shell-like SNRs have spectral indices α < 0.5.
These harder spectra can not be explained only by the DSA theory (neither
linear nor non-linear). The particle acceleration mechanisms responsible for
production of this flatter form of radio spectra should be the second-order
Fermi acceleration mechanism coupled with DSA. Electrons are also acceler-
ated by the second-order acceleration process, in the turbulent downstream
plasma. Schlickeiser and Fu¨rst (1989) proposed an explanation of flat SNR
radio spectra by including simultaneously the energy gain from shock cross-
ing and second-order Fermi acceleration in a low β-plasma7. Ostrowski (1999)
presented a modified approach to the acceleration process at a shock wave, in
the presence of the second-order Fermi acceleration in the turbulent medium
near the shock. An alternative explanation for the observed flat synchrotron
spectra of SNRs in molecular clouds was discussed. It was shown that shocks
may produce very flat cosmic ray particle spectra in the presence of momen-
tum diffusion. Due to this, the medium Alfve´n Mach number shocks for such
SNRs can naturally lead to the flatter observed spectral indices.
The coupling of DSA and Fermi 2 mechanisms should represent the next
step in the development of particle acceleration theory for all types of SNRs
and other high energy astrophysical objects. It will be a demanding task in the
sense of theoretical analysis. For providing comprehensive results of numerical
simulations, significant computational power should be used.
At the first glance, the flatter spectra should be expected for very old SNRs
in the radiative phases of evolution. The fully radiative (isothermal) shocks
feature a very high compression ratio r = M2T , where MT is the isothermal
Mach number. Due to this, the spectral indices should be significantly flatter
because α = 3/(2(r− 1)). Here, we should emphasize that for the flat spectral
indices of SNRs (0.2 < α < 0.5), the corresponding fully radiative shocks
should be very weak, i.e. the values of isothermal Mach numbers should be
between 2 and 3 (Fig. 2). Due to this, the detection of a fully radiative SNR
with a flat spectral index is highly unrealistic.
For a detailed review on SNRs with flat radio spectra, see Onic´ (2013b)
and references therein.
7 Plasma β = p/pmag, where p is the gas pressure, and pmag is the magnetic pressure.
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Fig. 2 Change of the radio spectral index as function of isothermal Mach number for the
totally radiative shock of an SNR (Onic´ 2013b).
4.2 The curved radio spectra of evolved SNRs
A few evolved SNRs embedded in a dense ISM environment produce the
curved radio spectra as a result of a significant component of the thermal
bremsstrahlung radiation in their total radio emission (see e.g. Urosˇevic´ and
Pannuti 2005, Urosˇevic´ et al. 2007, Onic´ et al. 2012). Especially at the higher
radio frequencies, the thermal bremsstrahlung component becomes significant
(Sν ∝ ν
−0.1), and when combined with the nominal synchrotron emission de-
tected from SNRs, the spectrum appears flatter than expected when extrapo-
lating from lower radio frequencies where synchrotron component is dominant
(Sν ∝ ν
−α). The thermal bremsstrahlung component manifests itself as a
bend in a spectrum in the concave-up form. The necessary conditions for sig-
nificant thermal emission of an object are that the radiative plasma should
be at high densities and low temperatures: 1-10 cm−3 and 1000 - 10000 K,
respectively (e.g. Urosˇevic´ and Pannuti 2005, Urosˇevic´ et al. 2007). It corre-
sponds to evolved SNRs, especially the class of so-called mixed-morphology
or also often called thermal composite 8 SNRs, embedded in molecular cloud
environment (Onic´ et al. 2012). On the other hand, the high frequency ther-
mal emission naturally leads to low-frequency thermal absorption. Due to this
we should expect that this concave-up form of spectrum turnovers into the
concave-down form at the low-frequency end of the radio domain (for details
see Onic´ et al. (2012), Onic´ (2013a,b)).
This ”thermally active” model is simple and intuitively logical. On the
other hand, the most important drawback in this approach is related to the
cooling rate of hot gas in an SNR interior. Due to this, the thermal bremsstrahlung
8 The mixed-morphology or thermal composite SNRs appear as shell like in radio, but
with bright interiors due to thermal X-rays (e.g. Rho and Petre 1998, Jones et al. 1998).
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emission is not expected from the hot interiors. It is expected from the same
volume from which the synchrotron emission is generated, or from CR and
radiative precursors. However this model works very well for SNRs embedded
in dense (n > 1 cm−3 ionized, atomic and primary molecular) environment
(e.g. Galactic SNR 3C396, see Onic´ et al. (2012)).
The radio spectra of evolved SNRs could be curved in the opposite direc-
tion, i.e. they appear in concave-down form. This kind of spectrum can be
explained using DSA theory with the effect of synchrotron losses within the
finite emission region. If the thin region near the shock discontinuity is not
resolved by the telescope beam, the observed emission contains some emission
from electrons which have been diffused away from the place of effective accel-
eration and lose a significant amount of energy via the synchrotron emission.
As these losses are more severe for higher energy electrons, we expect this
to steepen the observed synchrotron spectrum. For details see Heavens and
Meisenheimer (1987), Longair (2000, and references therein). This concave-
down form of radio spectra should correspond to very old SNRs, for which
electrons have had enough time9to lose a significant amount of energy at the
highest radio frequencies, and primarily to distant (mainly extragalactic) SNRs
for which the limitation in telescope resolution leads to the capturing of radio
emission from the sample of ”exhausted” electrons.
5 Examples of different forms of SNR radio spectra obtained from
observations
The radio spectra of SNRs obtained from observations appear predominantly
in linear form but with obvious scattering in the flux densities (e.g. Gao et al.
(2011), Sun et al. (2011)). Furthermore, they are generally poorly-studied with
respect to number of observational data points at the frequencies available for
radio observations. Also, a significant dispersion of values of the flux densities
at the same frequency can be found. As a primary problem, the determination
of accurate values of the integrated flux densities is a very demanding task
with non-unique exiting values. Additionally, the radio spectral index vari-
ations, both with frequency and location within several Galactic SNRs were
detected and described in the last three decades (for details see Onic´ (2013a,b),
and references therein). Due to these difficulties, at least for the majority of
observed SNRs, the present knowledge of radio spectral indices as well as of
the overall shapes of the SNR radio continuum spectra is far from being pre-
cise. However, some trends toward the curved spectral forms can be found in
relatively recent literature.
9 The lifetime of an SNR, as defined by McKee and Ostriker (1977), can be up to one
million years – this timescale is comparable to the typical timescale of synchrotron loss for
electrons which radiate at the highest radio frequencies.
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5.1 Young SNRs
There is a considerable amount of observational evidence for steep spectral
indices of young SNRs. The brief inspection of Galactic SNR catalogues (e.g.
Guseinov et al. 2003, 2004a,b, Green 2009) shows that all historical Galactic
SNRs (RCW86 - probably remnant of SN185, SN1006, Tycho SNR, Kepler
SNR, Cas A, G1.9+0.3)10 have steep spectral indices between 0.6 and 0.8.
The modifications of DSA theory described in this review, in Subsection 3.1,
can explain these apparent steeper linear spectral forms of young SNRs.
Besides spectra with linear profiles, some of the historical Galactic SNRs
show tentatively curved concave-up spectra (hardening to higher energy) pre-
dicted by non-linear DSA (this review, Subsection 3.2). Braude et al. (1970)
detected mildly concave-up form of Tycho SNR spectrum in the range be-
tween 38 MHz and 5 GHz (Fig. 3). It was the first indication of concave-up
curvature for an SNR spectrum. After that, Roger et al. (1973) once again
confirmed detection of the same spectral form of Tycho SNR. The explana-
tion of this phenomenon was not examined until Reynolds and Ellison (1992)
showed that the spectral curvature observed in Tycho and Kepler SNRs should
be explained by the non-linear DSA effects. They presented the first model for
synchrotron spectra calculated with the self-consistent, modified shock model
by the non-linear DSA and compared them with the observed radio spectra of
Tycho and Kepler SNRs (Fig. 4), finding reasonable agreement. Additionally,
they predicted that if inconsistencies in the total radio spectrum of SN 1006
SNR were resolved, their curved models would fit just as well there. Jones et
al. (2003) gave observational evidence that the radio spectrum of Cas A should
be concave-up due to their positive identification of infrared synchrotron ra-
diation from this SNR. Their flux density at 2.2 µm, after correction for ex-
tinction, falls significantly above the power-law extrapolation from the radio.
If the curvature were constant across this full range of wavelengths, then the
local spectral index would change from approximately 0.75 at cm wavelengths
to approximately 0.5 at 2.2 µm. Similar as in previous case, Vink et al. (2006)
obtained the concave-up form of spectrum for RCW86 SNR, but using X-ray
data. They analyzed the X-ray synchrotron emission from this SNR and con-
cluded that concave-up spectrum is necessary in order to properly fit radio
and X-ray data together. Finally, Allen et al. (2008) showed the evidence of a
concave-up synchrotron spectrum of SN 1006, demonstrating for the first time
that the synchrotron spectrum of SN 1006 seems to flatten with increasing
energy. The evidence that the synchrotron spectra (from radio to X-rays) of
SN 1006 are curved can be interpreted as evidence of curvature in the GeV-
to-TeV electron spectra. All previously described concave-up spectra obtained
from observations present the evidence of curved electron spectra and suggest
10 Crab nebula and SNR 3C58 represent particular type of SNR, the so-called pulsar wind
nebulae, which are not target of this review. Contrary to shell-like, composite and mixed-
morphology SNRs which are target of this review, the pulsar wind nebulae typically have
flat spectral indices between 0.0 and 0.3 (e.g. Reynolds et al 2012).
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Fig. 3 The spectra of five discrete radio sources in 10 MHz - 5 GHz frequency range (Braude
et al. 1970). The spectrum of Tycho SNR (3C10) is shown - evidently in tentative concave-up
form.
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that cosmic rays are not test particles. The cosmic-ray pressure at the shock
is large enough to modify the structure of the shock.
Fig. 4 Slightly concave-up spectra of three historical SNRs (Reynolds and Ellison 1992).
5.2 Evolved SNRs
The largest fraction of observed SNRs is characterized by spectral indices in
the range α ∈ (0.5, 0.55). These values were predicted by the test particle DSA
theory. On the other hand a significant number of observed SNRs have flatter
indices α < 0.5 (this review, Subsection 4.1). There are several explanations
of the harder radio spectra of SNRs: significant contribution to the observed
emission of the second-order Fermi mechanism, high compression ratio (> 4),
contribution of secondary electrons left from the decay of the charged pions
(Uchiyama et al. 2010, Vink 2012), and thermal bremsstrahlung contamina-
tion. For details regarding flat radio spectra of SNRs see Onic´ (2013b).
The radio spectra of evolved SNRs can be curved. The first ideas about
the significant influence of thermal bremsstrahlung in radio emission of evolved
SNRs were presented in Urosˇevic´ (2000), and Urosˇevic´ et al. (2003a,b). The
first attempts at identifying the concave-up forms of radio spectra of evolved
SNRs can be found in Urosˇevic´ and Pannuti (2005 - OA184 SNR11), Urosˇevic´
et al. (2007) and Onic´ and Urosˇevic´ (2008) for SNR HB3. Onic´ et al. (2012)
presented the possible significant contribution of the thermal bremsstrahlung
emission inferred from the concave-up spectra of three Galactic SNRs: IC443,
3C391 and 3C396 (Figs. 5 and 6). All these SNRs are evolved and embedded
11 Foster et al. (2006) concluded that OA184 is rather a Galactic HII region then an SNR.
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Fig. 5 Multiband image of composite and ”radio thermally active” SNR 3C 396. The
molecular gas (12CO intensity map) is shown in red, the 24 µm mid-IR emission in green,
and 1.0 - 7.0 keV X-rays in blue. The radio contours at 1.4 GHz are also shown (Su et al.
2011).
in a high density molecular cloud environment (for details see Onic´ et al. 2012,
Onic´ 2013a).
By inspection and comparison of Fig. 4 and Fig. 6 it is clear that spectral
curving for some young and evolved SNRs exists. At first glance, the concave-
up spectral forms for evolved SNRs are visible in Fig. 6 than for young ones
(Fig. 4). On the other hand, spectra of young SNRs have more data points, thus
providing better statistics. Generally, it can be concluded that these spectra
appear in similar form.
Also, the slopes of the integrated radio continuum spectra of SNRs at
higher frequencies (between 10-100 GHz) could be flatter12 because of the
influence of the spinning dust emission (Scaife at al. 2007). The spinning dust
is responsible for a creation of a ”hump” in the high-frequency radio spectrum
(Draine and Lazarian 1998). For details see Onic´ (2013b).
This model can not provide an extension of the concave-up form to the X-
ray part of an SNR spectrum. The spectral extension into X-ray domain can be
expected for all SNRs, as such as ones with significant thermal bremsstrahlung
emission. Due to this, whether the thermal bremsstrahlung model or spinning
dust model is responsible for a concave-up radio spectrum can be determined
through X-ray observations. The detection of overall (from radio to X-rays)
12 It results in the concave-up form of overall radio spectrum.
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Fig. 6 Radio spectra of possible thermally active SNRs: IC443, 3C391 and 3C396 (Onic´ et
al. 2012).
concave-up spectral forms for evolved SNRs should be an interesting task for
observers in near future.
A few examples of concave-down radio spectra of evolved SNRs can be
found in recent literature. The theoretical background is given in this review,
Subsection 4.2. Among the Galactic and some Large Magellanic Cloud (LMC)
SNRs there is existence of spectral break and steepening at higher radio fre-
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quencies. Xiao et al (2008) identified a spectral break at 1.5 GHz for Galactic
SNR S147. The low-frequency spectral index is around 0.3, and the high-
frequency spectral index is around 1.2. The apparent bending was explained
by effects induced by synchrotron losses, during the early phase of the SNR
evolution. This would cause a bending at a rather high frequency. The sub-
sequent expansion of S147 would shift the spectral break frequency toward
about 1.5 GHz. Crawford et al. (2008) detected concave-down spectrum with
steepening at frequencies around 3 GHz for evolved LMC SNR J0455-6838
(Fig. 7). The similar spectral form was detected for LMC SNR J0527-6549
(DEM L204) (Bozzetto et al. 2010), with the spectral break was detected also
at around 3 GHz. For the first time Bozzetto et al. (2010) gave an explanation
based on DSA theory, by the effect of coupling between synchrotron losses
and observational constraints when the distant (extragalactic) emission region
stayed unresolved (see Subsection 4.2 in this review). De Horta et al. (2012),
Bozzetto et al. (2012), and Bozzetto et al. (2013) presented concave-down spec-
tra of an additional three evolved LMC SNRs. They gave an explanation of
bending based on the observational effects – the shortest baseline observations
as a result give missing flux because of the lack of short spacings. Additional
observations should resolve whether the steepening at high frequencies orig-
inates from observational effects or effects based on theoretical predictions:
probably the final explanation will be based on a combination of both. Re-
cently, Pivato et al. (2013) detected concave-down spectrum of evolved Galac-
tic mixed-morphology SNR HB 21, with steepening at around 6 GHz (Fig. 8).
They analyzed the WMAP 7-year data in frequency range between 23 and 93
GHz, achieving the first detection of HB 21 at four frequencies in this interval.
They explained the concave-down form of spectrum by the synchrotron losses
in a homogeneous source of continuously injected electrons, as it is described
in this review, Subsection 4.2.
Fig. 7 The concave-down radio spectrum of LMC SNR J0455-6838 (Crawford et al. 2008).
The low-frequency turnovers were detected in the earliest measurements
made of the spectra of SNRs (e.g. Roger et al. 1973). This effect should be
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Fig. 8 The concave-down radio spectrum of HB21 (Pivato et al. 2013).
a result of the thermal absorption in optically thick environment or the syn-
chrotron self-absorption, again in the opaque medium, at low radio frequen-
cies. The corresponding theoretically derived spectral indices are α = −2 and
α = −2.5, respectively (see Longair 2000). There are several SNRs with radio
spectra which show breaks at low radio frequencies (Fig. 9). These spectra
often lack data points at low radio frequencies. Due to this, the observational
confirmation of which of these two processes is dominantly active could be a
very demanding task. Additionally, the low-frequency absorption is mainly re-
lated to the ISM along the line-of-sight between an SNR and us as observers,
for example, in the cases of the SNRs W49B (Lacey et al. 2001), CTB 80
(Castelletti and Dubner 2005), G354.4+0.0 (Roy and Pal 2013). There are
a few SNRs with detected intrinsic low-frequency absorption related to the
sources themselves (e.g. IC 443, 3C 391, Onic´ et al. (2012, and references
therein)).
Fig. 9 The radio spectrum with the low-frequency turnover of SNR IC443 (Onic´ 2013a).
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6 Summary
In this review, I presented:
i) a brief overview of fundamentals of DSA and synchrotron mechanisms.
ii) theoretical explanations for the continuum SNR radio spectra formation.
The predictions of linear and curved forms of radio spectra are presented
for both young and evolved SNRs. These predictions are mainly based on
DSA theory.
iii) examples of SNR radio spectra obtained from observations which are com-
pared with the different theoretically predicted spectral forms.
The theoretical predictions and some observational confirmations of dif-
ferent spectral forms in radio of shell-like, composite and mixed-morphology
SNRs (mentioned in this review) are summarized in Table 1.
Table 1 The theoretically predicted spectral forms and some examples for observationally
obtained radio spectra of shell-like, composite and mixed-morphology SNRs.
theoretical predictions
linear radio spectra curved radio spectra
α = 0.5 steep (α > 0.5) flat (α < 0.5) concave-up concave-down
young SNRs test particle ampl. mag. field + DSA + non-linear obs. effects
DSA quasi-perp. shocks Fermi 2 DSA
evolved SNRs DSA test particle DSA + synch. + brem. obs. effects +
DSA Fermi 2 or spin. dust DSA effects
from observations
linear radio spectra curved radio spectra
α = 0.5 steep (α > 0.5) flat (α < 0.5) concave-up concave-down
young SNRs / e.g. Cas A, / e.g. Tycho, /
G1.9+0.3 Kepler, SN1006
evolved SNRs e.g. Monoceros and e.g. HB3, HB9 e.g. W28, e.g. IC443, e.g. S147, HB21,
Lupus loops Kes67, 3C434.1 3C391, 3C396 J0455-6838
Finally, the high-frequency and low-frequency domains of the SNR radio
spectra are covered with low number of data points or no data at all. The
effects of curving in spectra are connected with these ending regions of the ra-
dio domain. Due to this, the new confirmations of the theoretically predicted
radio spectral features at high frequencies could be expected from archival
or future observations by the upgraded ATCA (Australia Telescope Compact
Array), WMAP (Wilkinson Microwave Anisotropy Probe), and ALMA (Ata-
cama Large Millimeter/submillimeter Array) telescopes. Additionally, LOFAR
(Low-Frequency Array) interferometer should be used for the detection of the
low-frequency turnovers. In the future, SKA (Square Kilometre Array) tele-
scope will probably give final answers for the open questions related to bending
in the SNR radio spectra.
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